Introduction {#s1}
============

Since the early twentieth century scientists have recognized the value of phylogenetic inferences in determining natural relationships between taxa, which is essential for both taxonomy and evolutionary studies (Woese, [@B154]). However, the move toward a more natural classification system by these early bacteriologists, based on phylogenetics, proved exceedingly difficult as traditionally used morphological traits were not variable enough to group taxa reliably (Stanier and Van Niel, [@B131]; Woese, [@B154]; Woese et al., [@B156]). Although this led to the use of physiological characters, some researchers already argued early on that such data would not be suitable for developing evolutionary hypotheses. They emphasized that physiological traits would generally not be phylogenetically informative as long as there were no clear understanding of their genetic basis and overall biological importance (Stanier and Van Niel, [@B131]). The consensus view at the time was thus that phylogenetic inferences were definitely needed for elucidating the natural relationships among bacteria, but that this would only be possible with the use of suitably informative characters (Stanier and Van Niel, [@B131]; Woese, [@B154], [@B155]; Woese et al., [@B156]). As a result, scholars mostly abandoned the field of bacterial systematics until more reliable characters became available with the advent of nucleic acid-based molecular phylogenetics in the 1970s (Woese, [@B154], [@B155], [@B153]; Woese et al., [@B156]; McInerney et al., [@B93]).

For studying bacterial systematics, the ubiquitous 16S ribosomal RNA (16S rRNA) gene was initially the marker of choice (Hillis and Dixon, [@B64]; Woese, [@B155], [@B153]; Garrity et al., [@B46]; Gevers et al., [@B49]; Konstantinidis and Tiedje, [@B86]). Over time, however, as the diversity of examined samples increased, it became apparent that the 16 rRNA gene sequence alone does not provide sufficient phylogenetic resolution. Therefore, more reliable approaches for phylogenetic inference were sought to obtain better resolved trees. This led to the use of multiple locus sequence analyses (MLSA) (Gevers et al., [@B49]; Konstantinidis and Tiedje, [@B86]; Glaeser and Kämpfer, [@B51]), ribosomal MLSA (Bennett et al., [@B8]) and more recently core genome phylogenies (Bennett et al., [@B8]; Chan et al., [@B22]; Rahman et al., [@B111]; Schwartz et al., [@B120]; Palmer et al., [@B107]). These approaches, especially those based on large numbers of core genes, provide robust evolutionary hypotheses that seems to be resilient to most known phylogenetic errors (Beukes et al., [@B10]; Palmer et al., [@B107]) and have recently formed the foundation of taxonomic decisions, particularly in problematic taxa (Zhang et al., [@B164]; Bennett et al., [@B8]; Chan et al., [@B22]; Richards et al., [@B114]; Ormeno-Orrillo et al., [@B105]; Rahman et al., [@B111]).

The next logical step after having used phylogenetics to identify taxa, particularly those above the species level, would be to assign biological characters to them. For example, if bacterial genera or the lineages within them represent natural clusters, it should be possible to identify properties that they share with one another, but that are different from those occurring in other such clusters. Previously, various standardized sets of physiological tests have been used to study phenotypic cohesion of bacterial taxa (Schubert, [@B118]; Gavini et al., [@B47]; Mergaert et al., [@B95]; Brady et al., [@B14], [@B18]), but these have been mainly developed from a clinical diagnostics perspective (Konstantinidis and Tiedje, [@B84],[@B85]; Sutcliffe, [@B134]). Accordingly, the characters identified by these tests have limited application outside this environment (Sutcliffe et al., [@B135]; Sutcliffe, [@B134]). Other than revealing some basic physiological capabilities, these standard phenotypic tests are incapable of capturing the countless traits encoded on bacterial genomes. In addition, the very limited set of traits analyzed rarely differentiates between taxa, as the members of a taxon can show immense physiological variability. Therefore, characters that are biologically meaningful and that potentially define or distinguish higher-level bacterial groups and taxa would thus have to be sought through other means.

For identifying biological traits that are potentially taxon-defining, whole genome sequences represent invaluable resources. A wealth of traits can be inferred from a bacterium\'s genome sequence by making use of bioinformatics approaches and databases built from experimental evidence. For example, metabolic and physiological networks or pathways can be inferred from gene sequences by making use of their homology to sequences in the Kyoto Encyclopedia of Genes and Genomes (KEGG) (Kanehisa et al., [@B74]). Each sequence in the KEGG database have an associated KEGG Orthology (KO) term, which is in turn coupled to proteins whose functions have been experimentally verified (Kanehisa et al., [@B74]). In this workflow for inferring physiological properties, the database of functionally verified protein entries is often regarded as a significant limitation. This is because functional characterization of genes occurs at a much slower pace than gene discovery, thus making it impossible to functionally annotate certain genes (Linghu et al., [@B89]). As a result, taxa related to the model organisms typically have a higher number genes that can be functionally annotated because of the higher similarity between their genomes (Linghu et al., [@B89]). Despite this limitation, the current information would still provide valuable biological knowledge, especially as the information in these databases increase.

In this study, we explored the possibility of linking biological characters to higher-level taxonomic groups in bacteria by making use of whole genome sequence information. For this purpose we used the genus *Pantoea* for which genome sequences of 21 species were available (Hong et al., [@B65]; Kamber et al., [@B71]; Wan et al., [@B149]; Palmer et al., [@B107]). These were chosen to span the diversity of the genus, which includes plant pathogens (*P. agglomerans, P. ananatis, P. stewartii* amongst others; Coutinho and Venter, [@B30]) and species that affect humans (*P. brenneri, P. conspicua, P. eucrina*, and *P. septica;* Walterson and Stavrinides, [@B147]), as well as species that have been isolated from insects, fungal fruiting bodies and environmental samples (Walterson and Stavrinides, [@B147]; Ma et al., [@B91]; Palmer et al., [@B106]; Rong et al., [@B115]). Overall the members of this genus appear to be highly adaptable to changing environments and may act opportunistically when in contact with potential eukaryotic hosts (Coutinho and Venter, [@B30]; De Maayer et al., [@B36], [@B37]; Walterson and Stavrinides, [@B147]). From a phylogenetic perspective, *Pantoea* and its sister taxon, *Tatumella*, are nested within the *Enterobacteriaceae* where they are closely related to *Erwinia* (Glaeser and Kämpfer, [@B51]; Palmer et al., [@B107]). *Pantoea* further separates into four well-supported lineages, *viz*. the *P. agglomerans* (containing *P. agglomerans, P. anthophila, P. brenneri, P. conspicua, P. deleyi, P. eucalypti*, and *P. vagans*), *P. ananatis* (containing *P. allii, P. ananatis, P. stewartii* ssp. *stewartii* and *P. stewartii* ssp. *indologenes*), *P. rodasii* (containing *P. rodasii, P. rwandensis*, and *Pantoea* sp. GM01) and *P. dispersa* (containing *P. dispersa, P. eucrina* and *P. wallisii*) lineages (Palmer et al., [@B107]). Other than a limited set of general biological traits (e.g., colony and cell morphology, respiration status, growth temperature), characters that potentially define *Pantoea* and its lineages have never been identified.

The overall goal of this study was to link biological properties to the current evolutionary hypothesis of *Pantoea* (Palmer et al., [@B107]), thus allowing the identification of phenotypic characters that potentially define the genus and its lineages. Our specific aims were three-fold. First, for each of *Pantoea* and *Tatumella*, we functionally compared their shared gene sets (i.e., in terms of the pathways and processes each gene is predicted to be involved in) to evaluate the feasibility of using whole genome sequences for identifying taxon-defining characters at ranks higher than the species level. Secondly, the shared gene sets in each of the four *Pantoea* lineages were functionally compared to identify characters associated with the specific evolutionary path of the lineage and that potentially contributed to its initial emergence or subsequent maintenance. Thirdly, the loci underlying these differential characters were further characterized in order to determine their gene composition and distribution among species and whether their conservation is maintained by purifying selection as suggested before (Fang et al., [@B39]; Sorrels et al., [@B129]). Broadly, our strategy (Figure [1](#F1){ref-type="fig"}) involved the identification of shared gene sets, followed by their functional annotation.

![Experimental strategy followed for the lineages within *Pantoea* in the study. Lineages were identified from the subtree of *Pantoea* from the protein sequence maximum-likelihood tree of all the shared genes of Palmer et al. ([@B107]). Average nucleotide identity (ANI) values were used as a measure of relatedness between species of a lineage as obtained from Palmer et al. ([@B107]). Shared gene sets were determined from the genome sequences of species within each lineage. Gene sets were then annotated with the Kyoto Encyclopedia of Genes and Genomes (KEGG), followed by BLAST verification and locus comparisons of characterized genes. Uncharacterized genes were subjected to Blast2GO analyses. A similar strategy was followed for the generic comparisons with the exception of the locus comparisons.](fmicb-09-00113-g0001){#F1}

Materials and methods {#s2}
=====================

Genomes analyzed
----------------

All genomes analyzed during this study are publicly available and accessible at the National Centre for Biotechnology Information (NCBI; <http://www.ncbi.nlm.nih.gov/>). Whole genome sequence data for 21 species of *Pantoea* and three species of *Tatumella* (Tracz et al., [@B141]) were included in the analyses (Table [1](#T1){ref-type="table"}). These *Pantoea* species span the current known phylogenetic and phenotypic diversity of the genus, with most representatives of all of the major lineages (Palmer et al., [@B107]). For the inter-generic comparisons, all 24 genomes were utilized. For the intra-generic comparisons, we included only 17 *Pantoea* genomes. We excluded three of the known lineages of this genus as one contained only two species (i.e., *Pantoea* sp. At-9b and *P. cypripedii* LMG 2655 ^T^), while the other two are each represented by single species (i.e., *Pantoea* sp. A4 and *P. septica* LMG 5345 ^T^).

###### 

Genomes analyzed in the study.

  **Species**                              **Strain**       **Origin**                   **Accession number**
  ---------------------------------------- ---------------- ---------------------------- ------------------------------------------------------------------------------------------------------------------------------------------------------------
  *Pantoea agglomerans*                    R 190            Apple, Korea                 [JNGC00000000.1](JNGC00000000.1)
  *Pantoea allii*                          LMG 24248^T^     Onion seed, South Africa     [MLFE00000000.1](MLFE00000000.1)
  *Pantoea ananatis*                       LMG 2665^T^      Pineapple, Brazil            [JFZU00000000.1](JFZU00000000.1)
  *Pantoea anthophila*                     11-2             Hypersaline lake, Hawaii     [JXXL00000000.1](JXXL00000000.1)
  *Pantoea brenneri*                       LMG 5343^T^      Human, USA                   [MIEI00000000.1](MIEI00000000.1)
  *Pantoea calida*                         LMG 25383^T^     Infant formula, -            [MLFO00000000.1](MLFO00000000.1)
  *Pantoea conspicua*                      LMG 24534^T^     Human, France                [MLFN00000000.1](MLFN00000000.1)
  *Pantoea cypripedii*                     LMG 2657^T^      Orchid, USA                  [MLJI00000000.1](MLJI00000000.1)
  *Pantoea deleyi*                         LMG 24200^T^     Eucalyptus, Uganda           [MIPO00000000.1](MIPO00000000.1)
  *Pantoea dispersa*                       EGD-AAK13        Soil, India                  [AVSS00000000.1](AVSS00000000.1)
  *Pantoea eucalypti*                      aB               Bark beetle, USA             [AEDL00000000.1](AEDL00000000.1)
  *Pantoea eucrina*                        LMG 2781^T^      Human, USA                   [MIPP00000000.1](MIPP00000000.1)
  *Pantoea gaviniae*                       LMG 25382^T^     Infant formula, -            [MLFQ00000000.1](MLFQ00000000.1)
  *Pantoea rodasii*                        LMG 26273^T^     Eucalyptus, Colombia         [MLFP00000000.1](MLFP00000000.1)
  *Pantoea rwandensis*                     LMG 26275^T^     Eucalyptus, Rwanda           [MLFR00000000.1](MLFR00000000.1)
  *Pantoea septica*                        LMG 5345^T^      Human, USA                   [MLJJ00000000.1](MLJJ00000000.1)
  *Pantoea stewartii* ssp. *stewartii*     DC 283           Maize, USA                   [AHIE00000000.1](AHIE00000000.1)
  *Pantoea stewartii* ssp. *indologenes*   LMG 2632^T^      Fox millet, India            [JPKO00000000.1](JPKO00000000.1)
  *Pantoea vagans*                         C9-1             Apple, USA                   [CP001894.1](CP001894.1), [CP001893.1](CP001893.1), [CP001894.1](CP001894.1)
  *Pantoea wallisii*                       LMG 26277^T^     Eucalyptus, South Africa     [MLFS00000000.1](MLFS00000000.1)
  *Pantoea* sp.                            At-9b            Leaf cutter ant, USA         [CP002433.1](CP002433.1), [CP002434.1](CP002434.1), [CP002435.1](CP002435.1), [CP002436.1](CP002436.1), [CP002437.1](CP002437.1), [CP002438.1](CP002438.1)
  *Pantoea* sp.                            A4               Rafflesia flower, Malaysia   [ALXE00000000.1](ALXE00000000.1)
  *Pantoea* sp.                            GM01             Poplar, USA                  [AKUI00000000.1](AKUI00000000.1)
  *Tatumella morbirosei*                   LMG 23360^T^     Pineapple, Philippines       [CM003276.1](CM003276.1)
  *Tatumella ptyseos*                      ATCC 33301^T^    Human, USA                   [ATMJ00000000.1](ATMJ00000000.1)
  *Tatumella saanichensis*                 NML 06-3099^T^   Human, Canada                [ATMI00000000.1](ATMI00000000.1)

Generation of shared gene sets
------------------------------

The shared gene sets of the two genera, as well as the different lineages within *Pantoea* (see Figure [1](#F1){ref-type="fig"}), were generated with the EDGAR ([E]{.ul}fficient [D]{.ul}atabase framework for comparative [G]{.ul}enome [A]{.ul}nalyses using BLAST score [R]{.ul}atios) server (<https://edgar.computational.bio.uni-giessen.de>; Blom et al., [@B11]). For each gene set, a representative of the lineage/genus was used for downstream analyses. The representatives used for the different lineages were *P. agglomerans* R190 for the first lineage (encompassing *P. agglomerans, P. eucalypti, P. vagans, P. deleyi, P. anthophila, P. brenneri*, and *P. conspicua*), *P. ananatis* LMG 2665^T^ for the second lineage (comprising of *P. ananatis, P. allii, P. stewartii* subsp. *stewartii*, and *P. stewartii* subsp. *indologenes*), *P. dispersa* strain number to EGD-AAK13 for the third lineage (encompassing *P. dispersa, P. eucrina*, and *P. wallisii*) and *P. rodasii* LMG 26273^T^ for the fourth lineage (consisting of *P. rodasii, P. rwandensis*, and *Pantoea* sp. GM01). For the intergeneric comparisons, *P. agglomerans* R190 was again used as representative of *Pantoea* and *T. ptyseos* ATCC 33301^T^ as representative of *Tatumella*.

Functional annotation and identification of differentially present metabolic pathways
-------------------------------------------------------------------------------------

Functional annotation of the different gene sets were first performed by orthology searches against the KEGG database (Kanehisa et al., [@B74]) using GhostKOALA (KEGG Orthology and Links Annotation; Kanehisa et al., [@B73]) for all gene sets. Genes with KO terms associated with them could be separated based on the functional role of the pathways to which they could be mapped. Specific pathways where differences were detected in the global maps were also considered for comparative purposes (Figure [1](#F1){ref-type="fig"}).

For the *Pantoea* lineages, genes with no KO associations were then analyzed to assign putative functions using Blast2GO (Conesa et al., [@B29]; Götz et al., [@B54]). This was done by subjecting these genes to BLAST analyses for Gene Ontology (GO) associations using Blast2GO implemented in CLC Genomics Workbench (CLC Bio). In these analyses, assignment to more than one GO term per gene was allowed when functional annotation suggested that a gene product is involved in multiple processes. All Blast2GO analyses were initiated by BLAST searches against the RefSeq non-redundant protein database of NCBI followed by InterproScan (Jones et al., [@B70]) analyses to identify protein domains as a means of identifying putative functions. Genes remaining without annotation was again subjected to BLAST analyses against the non-redundant database on NCBI to determine the distribution of these genes across taxa.

Individual sets of reconstructed metabolic pathways obtained from the KEGG database were compared to identify differences between lineages and genera. This was done by assigning the set of KEGG pathway maps from each genus/lineage a unique color and then overlaying them onto each other for identifying differences (Figure [1](#F1){ref-type="fig"}). From these overview pathway maps, specific metabolic pathways were identified for further investigation in eight functional categories used in KEGG. These were carbohydrate, lipid, nucleotide, amino acid and energy metabolism, as well as genes involved in environmental information processing and the metabolism of co-factors, vitamins, and xenobiotics.

Multi-gene pathways that were differentially present or absent were identified from the full set of differences obtained from the KEGG pathway comparisons. This was done to limit the number of genes potentially identified as absent due to sequencing or assembly errors and also aided in simplifying the overall analysis. For this purpose multi-gene pathways were defined as processes where more than one gene was required to complete a process. From these pathways, the absence of genes from the genomes included in the respective gene sets were verified using local BLAST (Altschul et al., [@B2]) analyses (tblastn). The genomic coordinates of these genes were then noted to identify clustered genes. The gene clusters were identified and visualized using Geneious 6.1.6 (Biomatters).

Sequences for complete clusters were subsequently extracted from genomes and aligned using the MAFFT 7.309 (Katoh and Standley, [@B77]) server. When more than three members of a lineage possessed the gene clusters, their sequence alignments were subjected to codon-based selection analyses in MEGA 6.0.6 (Tamura et al., [@B138]) using HyPhy (Pond and Muse, [@B110]), to obtain dN (proportion of non-synonymous substitutions) and dS (proportion of synonymous substitutions) values at all codon positions across the alignments. The normalized dN-dS values were then plotted against codon positions in Microsoft Excel 2013.

Results {#s3}
=======

Generation of shared gene sets
------------------------------

In this study, we identified a number of biologically informative characters for *Pantoea* and the four lineages examined. For analyses at both the inter- and intra-generic levels, comparable taxon sets were compiled based on phylogenetic relatedness and Average Nucleotide Identity values (ANI Konstantinidis and Tiedje, [@B85]; see Palmer et al., [@B107]). At the intra-generic level, these sets were also comparable in the sizes of the gene sets (Figure [2](#F2){ref-type="fig"}), with the exception of the *P. rodasii* lineage. This larger gene set could be attributed to the large size of the genomes of the three current members in the lineage, in comparison to the members of other lineages. However, a large proportion of the genes (\>25%) in the respective genomes were present in both *Pantoea* and *Tatumella*. For the *Pantoea* comparisons more than 30% of the genes in respective genomes were present in all taxa, with 55--75% associated with specific lineages and 25--45% apparently species-specific. Overall, the gene sets for the four lineages consisted of 2844 genes for the *P. agglomerans* lineage, 2924 genes for the *P. ananatis* lineage, 3599 genes for the *P. rodasii* lineage and 2872 genes for the *P. dispersa* lineage (Figure [3](#F3){ref-type="fig"}).

![A bar graph indicating the number of genes for each isolate, separated into genes highly conserved in the sister genera (*Pantoea* + *Tatumella*), through to genes not shared by all closely related species or unique genes. The dendrogram was inferred for the different lineages and their relationships to each other from the amino acid based topology of the core genome of Palmer et al. ([@B107]). The length of each bar is indicative of the size of each genome analyzed (in terms of the number of genes). The different lineages are indicated with colored blocks (blue---*P. ananatis* lineage; green---*P. agglomerans* lineage; yellow---*P. rodasii* lineage; red---*P. dispersa* lineage). All genomes analyzed encoded a similar number of genes, with the genome of *P. rodasii* encoding the highest number of genes (\~5,800) and *P. eucrina* encoding the least number of genes (\~3,800).](fmicb-09-00113-g0002){#F2}

![An overview of the gene sets shared between *Pantoea* and *Tatumella* and among the various lineages of *Pantoea*. For perspective, these are indicated relative to the genome-based species tree for *Pantoea* generated by Palmer et al. ([@B107]). The lineages examined in this study are indicated with colored branches (green---*P. agglomerans* lineage; blue---*P. ananatis* lineage; yellow---*P. rodasii* lineage; red---*P. dispersa* lineage) with the representative of each lineage indicated in bold. The inner track indicates the sizes of the gene sets (in number of genes) of the lineages within *Pantoea*. The second track indicates the proportion of the genes annotated with the KEGG database involved in each of the functional classes (see legend). Values in the third track depicts the percentage of annotated genes involved in each functional class. The outer track indicates the size of the shared gene sets for the genera *Pantoea* and *Tatumella*, respectively.](fmicb-09-00113-g0003){#F3}

For the inter-generic comparisons, the *Pantoea* gene set (calculated from 21 genomes) consisted of 1862 genes. The *Tatumella* gene set consisted of 2196 genes (calculated from three genomes). This difference in the number of shared genes can most likely be attributed to the number of genomes analyzed in these genera, as the number of genomes available for *Tatumella* is underrepresented.

Functional annotation of the *Pantoea* and *Tatumella* gene sets with KEGG
--------------------------------------------------------------------------

The number of genes with KO associations for *Pantoea* and *Tatumella* were 1,576 (84.6% of the *Pantoea* gene set) and 1,760 (80.1% of the *Tatumella* gene set), respectively (Supplementary File [S1](#SM2){ref-type="supplementary-material"}). In both cases, the highest number of genes was involved in "Genetic Information Processing", followed by "Environmental Information Processing", with "Unclassified" genes making up the third largest gene group.

The pathways in which we identified differences between *Pantoea* and *Tatumella* were "Metabolic pathways", "Biosynthesis of secondary metabolites", "Microbial metabolism in diverse environments", "Biosynthesis of antibiotics", "Carbon metabolism", "Biosynthesis of amino acids", as well as "2-Oxocarboxylic acid metabolism", and "Fatty acid metabolism". Comparison of the relevant global metabolic maps revealed a higher number of reactions predicted for *Tatumella* (as would be expected due to the higher number of shared genes), except for "Fatty acid metabolism". Closer inspection of the fatty acid metabolism pathways indicated the ability to perform β-oxidation of fatty acids occurred in *Pantoea* but not *Tatumella*.

A total of 124 differences were identified between *Pantoea* and *Tatumella* (Supplementary File [S1](#SM2){ref-type="supplementary-material"}). These consisted of reactions involved in all functional classes, namely "Carbohydrate metabolism" (citrate cycle, pentose phosphate pathway, fructose and mannose metabolism, ascorbate and aldarate metabolism, starch and sucrose metabolism, glyoxylate and dicarboxylate metabolism and inositol phosphate metabolism), "Energy metabolism" (including methane, sulfur and nitrogen metabolism), "Lipid metabolism" (including fatty acid degradation and sphingolipid metabolism), "Nucleotide metabolism" (purine and pyrimidine metabolism), "Amino acid metabolism" (cysteine and methionine metabolism, lysine degradation, arginine and proline metabolism, histidine metabolism and β-alanine metabolism), "Cofactor metabolism" (nicotinate and nicotinamide metabolism), "Xenobiotics metabolism" (benzoate degradation, chloroalkane and chloroalkene degradation) and "Environmental information processing" \[ABC transporters, two-component systems, phosphotransferase systems (PTSs) and chemotaxis\]. By limiting the pathways investigated to those where two or more genes are required to complete a pathway, 10 pathways (32 differences) were retained and subsequently absence was confirmed with BLAST analyses (Table [2](#T2){ref-type="table"}, Supplementary File [S1](#SM2){ref-type="supplementary-material"}).

###### 

Intergeneric differences in multi-gene pathways.

  ----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  **Process[^a^](#TN1){ref-type="table-fn"}**   **Genes**                         **Biological function**                                                                                                                                             **Distribution across lineages[^b^](#TN2){ref-type="table-fn"}**   **References**
  --------------------------------------------- --------------------------------- ------------------------------------------------------------------------------------------------------------------------------------------------------------------- ------------------------------------------------------------------ -----------------------------------------------------------------------------------------------------------------------------------
  D-ribose utilization                          *rbsK, pgm*                       Converts D-ribose to D-ribose-1-PRibose donor during pyrimidine cyclingInvolved in co-factor cycling                                                                *Pantoea* (21/21)\                                                 Giorgelli et al., [@B50]; Gossmann et al., [@B53]; Armenta-Medina et al., [@B5]
                                                                                                                                                                                                                                                      *Tatumella* (0/3)                                                  

  D-mannitol utilization                        *mtlAD*                           Converts D-mannitol to β-D-fructose-6-PUsed as carbon source                                                                                                        *Pantoea* (21/21)\                                                 Berkowitz, [@B9]; Sprenger, [@B130]; Boer et al., [@B12]
                                                                                                                                                                                                                                                      *Tatumella* (0/3)                                                  

  Myo-inositol utilization                      *iolBCDEG*                        Converts 2-deoxy-5-keto-D-gluconate-6-P to myo-inositolUsed as carbon source                                                                                        *Pantoea* (21/21)\                                                 Anderson and Magasanik, [@B4]; Yoshida et al., [@B159]
                                                                                                                                                                                                                                                      *Tatumella* (0/3)                                                  

  Sucrose utilization                           sacA, MGAM, SI                    Degrades sucrose to ADP-glucose and D-fructoseUsed as carbon source                                                                                                 *Pantoea* (21/21)\                                                 Fouet et al., [@B42]; Van Beers et al., [@B143]; Sim et al., [@B127]
                                                                                                                                                                                                                                                      *Tatumella* (0/3)                                                  

  Glycogen degradation                          *treXYZ, glgB*                    Converts glycogen to trehalose or amyloseUsed as carbon source                                                                                                      *Pantoea* (21/21)\                                                 Baecker et al., [@B7]; Amemura et al., [@B3]; Chandra et al., [@B23]
                                                                                                                                                                                                                                                      *Tatumella* (0/3)                                                  

  β-oxidation                                   *fadABE*                          Cleaves fatty acids cyclically into acetyl-CoA (even numbered) or succinyl-CoA (odd-numbered)Used in citric acid cycle                                              *Pantoea* (21/21)\                                                 Schulz, [@B119]; Fujita et al., [@B43]; Liu et al., [@B90]
                                                                                                                                                                                                                                                      *Tatumella* (0/3)                                                  

  Purine metabolism                             *guaD, XDH, uaZ, pucM, PRHOXNB*   Converts guanine to (S)-allantoinProcess involved in nitrogen cycling                                                                                               *Pantoea* (21/21)\                                                 Kimiyoshi et al., [@B81]; Colloc\'h et al., [@B28]; Nygaard et al., [@B102]; Moffatt and Ashihara, [@B97]; Cendron et al., [@B21]
                                                                                                                                                                                                                                                      *Tatumella* (0/3)                                                  

  Creatine degradation                          E3.5.3.3, E3.5.1.59               Converts creatine and N-carbamoylsarcosine to sarcosine                                                                                                             *Pantoea* (21/21)\                                                 Yoshimoto et al., [@B160]; Deeg et al., [@B38]; Suzuki, [@B136]
                                                                                                                                                                                                                                                      *Tatumella* (0/3)                                                  

  Histidine degradation                         *hisD, hutH*                      Converts L-histidinol to urocanateUse of histidine as sole carbon source                                                                                            *Pantoea* (21/21)\                                                 Mehler and Tabor, [@B94]; Schwede et al., [@B121]; Yang et al., [@B157]
                                                                                                                                                                                                                                                      *Tatumella* (0/3)                                                  

  L-aspartate degradation                       *nadABCX*                         Converts L-aspartate to nicotinate-D-ribonucleotideProcess involved in co-factor cycling                                                                            *Pantoea* (21/21)\                                                 Yang et al., [@B158]; Ollagnier-de Choudens et al., [@B103]; Katoh et al., [@B76]; Gossmann et al., [@B53]
                                                                                                                                                                                                                                                      *Tatumella* (0/3)                                                  

  Glutamine ABC Transporter                     *glnHPQ*                          Transports glutamine from outside environment into cell through the use of ATP                                                                                      *Pantoea* (0/21)\                                                  Nohno et al., [@B100]; Walshaw et al., [@B146]; Hosie and Poole, [@B66]
                                                                                                                                                                                                                                                      *Tatumella* (3/3)                                                  

  Glycine/ betaine/proline ABC Transporter      *proVWX*                          Transports glycine, betaine and proline from outside environment into cell through the use of ATP                                                                   *Pantoea* (0/21)\                                                  Gowrishankar, [@B55]; Stirling et al., [@B133]; Kempf and Bremer, [@B79]; Ko and Smith, [@B82]
                                                                                                                                                                                                                                                      *Tatumella* (3/3)                                                  

  Glutathione ABC Transporter                   *gsiABCD (yliABCD)*               Transports glutathione from outside environment into cell through the use of ATP                                                                                    *Pantoea* (0/21)\                                                  Suzuki et al., [@B137]
                                                                                                                                                                                                                                                      *Tatumella* (3/3)                                                  

  Osmoprotectant ABC Transporter                *opuABCD*                         Transports osmoprotectants from outside environment into cell through the use of ATP                                                                                *Pantoea* (21/21)\                                                 Kempf and Bremer, [@B79]; Kappes et al., [@B75]
                                                                                                                                                                                                                                                      *Tatumella* (0/3)                                                  

  Taurine ABC Transporter                       *tauABC*                          Transports taurine from outside environment into cell through the use of ATPAllows uptake for subsequent degradation of taurine for sulfur cycling                  *Pantoea* (21/21)\                                                 Van der Ploeg et al., [@B144]; Javaux et al., [@B69]
                                                                                                                                                                                                                                                      *Tatumella* (0/3)                                                  

  L-arabinose transporter                       *araFGH*                          Transports L-arabinose from outside environment into cell through the use of ATPRequired for utilization of L-arabinose as sole carbon source                       *Pantoea* (21/21)\                                                 Scripture et al., [@B122]; Kehres and Hogg, [@B78]; Schneider, [@B117]
                                                                                                                                                                                                                                                      *Tatumella* (0/3)                                                  

  Microcin C ABC Transporter                    *yejABEF*                         Transports microcin C from outside environment into cell through the use of ATPResults in susceptibility to antimicrobial microcin C                                *Pantoea* (21/21)\                                                 Vanneste et al., [@B145]; Novikova et al., [@B101]; Metlitskaya et al., [@B96]
                                                                                                                                                                                                                                                      *Tatumella* (0/3)                                                  

  N-acetylmuramic acid PTS                      *murP, crr*                       Transports and phosphorylates N-acetylmuramic acid through the use of ATPEssential for the use of N-acetylemuramic acid (cell wall component) as carbon source      *Pantoea* (21/21)\                                                 Dahl et al., [@B32]; Uehara et al., [@B142],
                                                                                                                                                                                                                                                      *Tatumella* (0/3)                                                  

  N-acetyl-D-glucosamine PTS                    *nagE*                            Transports and phosphorylates N-acetyl-D-glucosamine through the use of ATPEssential for the use of N-acetyl-D-glucosamine (cell wall component) as carbon source   *Pantoea* (0/21)\                                                  Jaeger and Mayer, [@B68]; Plumbridge, [@B109]
                                                                                                                                                                                                                                                      *Tatumella* (3/3)                                                  

  Arbutin/salicin PTS                           *ascF, crr*                       Transports and phosphorylates arbutin and salicin through the use of ATPEssential for the use of plant derived glycosides as sole carbon source                     *Pantoea* (0/21)\                                                  Hall and Xu, [@B62]; Dahl et al., [@B32]
                                                                                                                                                                                                                                                      *Tatumella* (3/3)                                                  
  ----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

*PTS refers to phosphotransferase system*.

*Brackets indicate the number of taxa for which the specific locus is present out of all taxa in the genus*.

As suggested from the global maps, genes required for β-oxidation of long-chain fatty acids ("Lipid metabolism"---fatty acid degradation) were present in all members of *Pantoea* and absent in all members of *Tatumella*. A number of genes involved in specific pathways in carbohydrate metabolism where detected only in *Pantoea*, namely the "Pentose phosphate pathway" (D-ribose to D-ribose-1-P), "Fructose and mannose metabolism" (D-mannitol to β-D-fructose-6-P), "Starch and sucrose metabolism" (sucrose to ADP-glucose; glycogen to trehalose and amylose, respectively) and "Inositol phosphate metabolism" (myo-inositol to 2-deoxy-5-keto-D-gluconate-6-P). The "Energy metabolism" pathway with differences was sulfur metabolism, where *Pantoea* possessed genes required for the uptake of extracellular taurine and its subsequent conversion to sulfite. *Pantoea* also possessed genes required for the conversion of guanine to (S)-allantoin during "Purine metabolism". Several pathways involved in "Amino acid metabolism" were also present only in *Pantoea*, specifically those involved in arginine and proline metabolism (creatine and N-carbamoylsarcosine to sarcosine) and histidine metabolism (L-histidinol to urocanate). In addition, *Pantoea* also possessed genes for the conversion of L-aspartate to nicotinate-D-ribonucleotide during "Cofactor metabolism" (nicotinate and nicotinamide metabolism).

We also observed differences for genes in the category "Environmental Information Processing". Amongst the ABC transporters, those for glutamine, glutathione and glycine betaine/proline transporters were found only in *Tatumella*, while those for osmoprotectant, taurine (also seen in sulfur metabolism), L-arabinose, and microcin C were only present in *Pantoea*. In terms of the phosphotransferase systems, *Pantoea* possessed genes necessary to transport and convert N-acetylmuramic acid to N-acetylmuramic acid-6-P, while *Tatumella* possessed genes required for the transport and conversion of N-acetyl-D-glucosamine to N-acetyl-D-glucosamine-6-P and arbutin/salicin to arbutin-6-P/salicin-6-P.

Functional annotation of the genes shared by lineages in *Pantoea* with KEGG
----------------------------------------------------------------------------

For the *P. agglomerans* lineage, the number of shared genes with KO associations resulted in 2148 genes (75.5% of the gene set). A total of 2197 genes (75.1% of the gene set) in the *P. ananatis* lineage could be annotated using KO terms (Supplementary File [S2](#SM3){ref-type="supplementary-material"}). The highest percentage of genes with associated KO terms were 75.9% (2181 genes) for the *P. dispersa* lineage, with the lowest being 71.9% for the *P. rodasii* lineage (2559 genes) (Supplementary File [S2](#SM3){ref-type="supplementary-material"}). In contrast to the inter-generic gene sets, the highest number of genes in all four lineages were involved in "Environmental Information Processing", followed by "Genetic Information Processing", with "Unclassified" genes again being the third most prevalent (Figure [3](#F3){ref-type="fig"}, Supplementary File [S2](#SM3){ref-type="supplementary-material"}).

Comparisons of global maps indicated differences between the four lineages in "Biosynthesis of amino acids", "Biosynthesis of antibiotics", "Biosynthesis of secondary metabolites", "Carbon metabolism", "Overview metabolism" and "Microbial metabolism in diverse environments" (Supplementary File [S2](#SM3){ref-type="supplementary-material"}). Limiting the reactions investigated to two or more genes acting together to complete a pathway, led to the identification of a number of reactions involved in "Polyketide sugar unit biosynthesis", "Biosynthesis of siderophore group non-ribosomal peptides", "Starch and sucrose metabolism", "Riboflavin metabolism", "Fructose and mannose metabolism", "Lysine degradation", "Chloroalkane and chloroalkene degradation", "Benzoate degradation", "Pentose and glucuronate interconversions" and "Cysteine and methionine metabolism" (Supplementary File [S3](#SM4){ref-type="supplementary-material"}). However, we excluded "Starch and sucrose metabolism" and "Riboflavin biosynthesis" after local BLAST analyses showed that homologs of the respective genes were detected in all taxa (Supplementary File [S3](#SM4){ref-type="supplementary-material"}). They were likely not recognized previously in our generation of the shared gene datasets with EDGAR\'s strict orthology estimation criteria. The genes involved in the remaining nine processes (two of which were involved in siderophore synthesis) were all found to be clustered and allowed comparison of the gene clusters across all taxa containing these genes (Table [3](#T3){ref-type="table"}).

###### 

Distribution multi-gene pathways among the *Pantoea* lineages.

  **Processes**                                              **Pathway reactions**                                                                      **Genes[^a^](#TN2){ref-type="table-fn"}**   ***Pantoea*** **lineages**^**[b](#TN2){ref-type="table-fn"}**^            
  ---------------------------------------------------------- ------------------------------------------------------------------------------------------ ------------------------------------------- ---------------------------------------------------------------- ---- --- ----
  Polyketide sugar unit biosynthesis                         dTDP-4-oxo-6-deoxy-D-glucose \<-\> dTDP-4-dehydro-beta-L-rhamnose                          *rfbC*                                      v                                                                v    v   v
                                                             dTDP-L-rhamnose \<-\> dDTP-4-dehydro-beta-L-rhamnose                                       *rfbD*                                      v                                                                v    v   v
  Biosynthesis of siderophore group non-ribosomal peptides   2,3-Dihydroxybenzoate \<-\> Enterochelin                                                   *entE* & *F*                                v                                                                −    v   \+
                                                             2,3-Dihydroxybenzoate \<-\> (2S,3S)-2,3-Dihydro-2,3-dihydroxybenzoate                      *entA*                                      v                                                                −    v   \+
                                                             (2S,3S)-2,3-Dihydro-2,3-dihydroxybenzoate \<-\> Isochorismate                              *entB*                                      v                                                                −    v   \+
                                                             Isochorismate \<-\> Chorismate                                                             *entC*                                      v                                                                −    v   \+
  Fructose and mannose metabolism                            L-Rhamnulose \<-\> L-Rhamnose                                                              *rhaA*                                      \+                                                               v    v   \+
                                                             L-Rhamnulose 1-P \<-\> L-Rhamnulose                                                        *rhaB*                                      \+                                                               v    v   \+
                                                             Glycerone-P + S-Lactaldehyde \<-\> L-Rhamnulose 1-P                                        *rhaD*                                      \+                                                               v    v   \+
  Lysine degradation                                         L-Lysine \<-\> N6-Hydroxy-L-Lysine                                                         *iucD*                                      −                                                                \+   −   −
                                                             N6-Hydroxy-L-lysine \<-\> N6-Acetyl-N6-hydroxy-L-lysine                                    *iucB*                                      −                                                                \+   −   −
                                                             N6-Acetyl-N6-hydroxy-L-lysine \<-\> N2-Citryl-N6-acetyl-N6-hydroxy-L-lysine                *iucA*                                      −                                                                \+   −   −
                                                             N2-Citryl-N6-acetyl-N6-hydroxy-L-lysine + N6-Acetyl-N6-hydroxy-L-lysine \<-\> Aerobactin   *iucC*                                      −                                                                \+   −   −
  Chloroalkane degradation                                   Chloroacetic acid \<-\> Glycolate + Hydrochloric acid                                      2-haloacid DH                               \+                                                               \+   −   \+
                                                             Chloroacetaldehyde \<-\> Chloroacetic acid                                                 aldehyde DH                                 \+                                                               \+   −   \+
  Benzoate degradation                                       Succinyl-CoA + 3-Oxoadipate \<-\> Succinate + 3-Oxoadipyl-CoA                              *pcaI* & *J*                                −                                                                \+   −   −
                                                             2-Oxo-2,3-dihydrofuran-5-acetate + H2O \<-\> 3-Oxoadipate                                  *pcaL*                                      −                                                                \+   −   −
                                                             3,4-Dihydroxybenzoate + Oxygen \<-\> 3-Carboxy-cis,cis-muconate                            *pcaG* & *H*                                −                                                                \+   −   −
  Pentose and glucuronate interconVersions                   D-Glucuronate \<-\> D-fructuronate                                                         *uxaC*                                      \+                                                               \+   v   \+
                                                             D-Galacturonate \<-\> D-Tagaturonate                                                       *uxaC*                                      \+                                                               \+   v   \+
                                                             D-Altronate \<-\> D-Tagaturonate                                                           *uxaB*                                      \+                                                               \+   v   \+
                                                             D-Altronate \<-\> 2-Dehydro-3-deoxy-D-gluconate                                            *uxaA*                                      \+                                                               \+   v   \+

*The presence or absence of each pathway was verified using BLAST searches with the relevant sequences against the respective genomes*.

*The lineages are indicated as follows: Ag = P. agglomerans lineage, An = P. ananatis lineage, Di = P. dispersa lineage and Ro = P. rodasii lineage. The presence of genes are indicated with "+", their absence with "−", while "v" is used to indicate the presence in some but not all members of a lineage*.

The two genes identified (*rfbC* and *rfbD*) being involved in "Polyketide sugar unit biosynthesis" were present in all the members of the *P. ananatis* lineage, with various members of the other three lineages lacking the genes (*P. eucalypti, P. brenneri, Pantoea* sp. GM01 and *P. wallisii*; Table [3](#T3){ref-type="table"}). Upon examination of the gene cluster containing these genes, two different loci were identified (Figure [4](#F4){ref-type="fig"}). The first locus was observed in nearly all members of the genus that possessed these genes (including *P. dispersa* and *P. stewartii* subsp. *indologenes*), while the second locus (lacking *rfbB*) was found only in *P. ananatis, P. stewartii* subsp. *stewartii, P. dispersa* and a partial locus in *P. stewartii* subsp. *indologenes*. The first locus was also slightly different in *P. deleyi* and *P. eucrina*, as the position of *rfbC* in *P. deleyi* differed (Figure [4](#F4){ref-type="fig"}---gene indicated in a darker shade) and the locus of *P. eucrina* contained an additional three genes in comparison to the other taxa (Figure [4](#F4){ref-type="fig"}). Furthermore, selection analyses indicated purifying selection for *rfbA* and *rfbB* and diversifying selection for *rfbC* and *rfbD* in the first locus (Figure [4](#F4){ref-type="fig"}, Supplementary File [S4](#SM5){ref-type="supplementary-material"}). Contrary to this, both *rfbC* and *rfbD* were under purifying selection in the second locus, with *rfbA* being under mainly purifying selection for the first part and diversifying selection for the second part of the gene (Figure [4](#F4){ref-type="fig"}, Supplementary File [S4](#SM5){ref-type="supplementary-material"}).

![The gene cluster involved in "Polyketide sugar unit biosynthesis" across the lineages of *Pantoea*. The dendrogram was inferred from the amino acid based topology of the core genome of Palmer et al. ([@B107]). The different lineages are indicated with colored blocks. The first locus, containing *rfbA, rfbB, rfbC*, and *rfbD* (purple), was conserved in most members of *Pantoea*. The normalized dN-dS values for each codon position were plotted as an indication of the selective pressures upon the codons. Both *rfbA* and *rbfB* could be observed to experience mainly purifying selection (proportion of non-synonymous substitutions \< proportion of synonymous substitutions), while *rfbC* and *rfbD* evolved mainly under diversifying selection (proportion of non-synonymous substitutions \> proportion of synonymous substitutions). The second locus was identified in *P. ananatis, P. stewartii* subsp. *stewartii* and *P. dispersa*, with a partial locus present in *P. stewartii* subsp. *indologenes* (maroon). This locus lacked an *rfbB* gene and evolved mainly under purifying selection.](fmicb-09-00113-g0004){#F4}

The genes involved in "Biosynthesis of siderophore group non-ribosomal peptides" and "Lysine degradation" both encoded for different iron acquisitioning molecules (siderophores) (Table [3](#T3){ref-type="table"}). The genes present in most of the members in the genus ("Biosynthesis of siderophore group non-ribosomal peptides") were identified as being required for the production of enterobactin. The majority of the gene cluster encoding enterobactin appeared to have evolved under purifying selection, with only some regions that evolved mainly under diversifying selection (for example see Figure [5](#F5){ref-type="fig"} *entB*; Supplementary File [S4](#SM5){ref-type="supplementary-material"}). Conversely, the genes involved in "Lysine degradation" in the *P. ananatis* lineage were those required to produce aerobactin from lysine. All members of the *P. ananatis* lineage lacked the genes involved in enterobactin biosynthesis, but contained the genes required for aerobactin synthesis, while all other members of the genus lacked the genes required for aerobactin biosynthesis (Figure [5](#F5){ref-type="fig"}). Selection analyses amongst the genes encoding for aerobactin biosynthesis indicated purifying selection in particular for *iucA* and *iucB*. Both these loci were absent from *P. eucalypti, P. deleyi* and *P. eucrina*.

![The gene clusters involved in "Lysine degradation" and "Biosynthesis of siderophore group non-ribosomal peptides". The dendrogram was inferred from the species tree of Palmer et al. ([@B107]). Lineages are indicated with colored blocks. Both these clusters encode for the biosynthesis of siderophores, namely aerobactin and enterobactin, respectively. The locus required for the production of aerobactin was conserved in members of the *P. ananatis* lineage, while the locus required for enterobactin biosynthesis was present in most other members of *Pantoea*. The enterobactin biosynthesis locus was completely absent from the genomes of the members of the *P. ananatis* lineage, while the aerobactin locus was lacking in all other members of *Pantoea*. As an indication of selective pressures on the loci, the normalized dN-dS value at each codon position was plotted across the clusters.](fmicb-09-00113-g0005){#F5}

The differentially present genes associated with "Fructose and mannose metabolism" consisted of *rhaA, rhaB*, and *rhaD* which convert L-rhamnose to glycerone-P and S-lactaldehyde (*rhaD*) (Table [3](#T3){ref-type="table"}). This cluster was present in all the members of the *P. agglomerans* and *P. rodasii* lineages, but present only in *P. allii* and *P. ananatis* in the *P. ananatis* lineage, and *P. dispersa* and *P. wallisii* in the *P. dispersa* lineage (Supplementary File [S4](#SM5){ref-type="supplementary-material"}). From the selection analyses of the *P. agglomerans* and *P. rodasii* lineages it was observed that *rhaB* and *rhaD* evolved under purifying selection, with *rhaA* evolving under diversifying selection (Supplementary File [S4](#SM5){ref-type="supplementary-material"}).

Our analysis showed that for "Chloroalkane and chloroalkene degradation", the specific pathway was absent from all the members of the *P. dispersa* lineage (Table [3](#T3){ref-type="table"}). This pathway catalyzes the conversion of chloroacetaldehyde to glycolate and hydrochloric acid. All other members of the genus possessed the genes required for this process (Supplementary File [S4](#SM5){ref-type="supplementary-material"}).

The differentially present genes associated with "Benzoate degradation" were involved in the utilization of protochatechuate. They were present only in the *P. ananatis* lineage. However, closer examination revealed that most members of the lineage contained a cluster of 9 genes (*pcaH, pcaG, pcaQ, pcaL, pcaB*, KAT, *pcaJ, pcaI*, and *pcaR*), but that it contained a deletion in *P. stewartii* subsp. *stewartii* which truncated *pcaL* and removed *pcaB* and KAT from the cluster. Overall, the cluster appeared to be under purifying selection (Supplementary File [S4](#SM5){ref-type="supplementary-material"}).

All members of the genus, except *P. eucrina*, possessed a gene cluster (*uxaA, uxaB*, and *uxaC*) involved in "Pentose and glucuronate interconversions" (Table [3](#T3){ref-type="table"}, Supplementary File [S4](#SM5){ref-type="supplementary-material"}). The products of *uxaA* and *uxaB* catalyze, respectively, the reversible conversion of 2-dehydro-3-deoxy-D-gluconate to D-altronate and D-altronate to D-tagaturonate, while *uxaC* facilitates interconversions between D-tagaturonate and D-glucuronate and between D-fructuronate and D-galacturonate. These three genes were conserved within the *P. agglomerans, P. ananatis*, and *P. rodasii* lineages, with only *uxaA* and *uxaB* being present in *P. dispersa* and *P. wallisii*. Overall, it appeared that these genes were evolving under neutral selection (Supplementary File [S4](#SM5){ref-type="supplementary-material"}).

Comparison of the processes involved in "Cysteine and methionine metabolism" showed differences in the synthesis of spermidine (*speD* and *speE*) and the methionine salvage pathway (*mtnA, mtnB, mtnC, mtnD*, and *mtnK*) (Table [3](#T3){ref-type="table"}, Supplementary Files [S3](#SM4){ref-type="supplementary-material"}, [S4](#SM5){ref-type="supplementary-material"}). The two genes required for the biosynthesis of spermidine allow for the conversion of S-adenosyl-L-methionine and putrescine to 5′-methylthioadenosine and spermidine (*speE*). These two genes were present in all members of the genus except *Pantoea* sp. GM01 (*P. rodasii* lineage), *P. eucrina* and *P. wallisii* (both from the *P. dispersa* lineage; Supplementary File [S4](#SM5){ref-type="supplementary-material"}). Genes involved in the methionine salvage pathway allow conversion of 5-methylthio-D-ribose to 3-(methylthio)-propanoate through 5 different intermediate reactions (Supplementary File [S3](#SM4){ref-type="supplementary-material"}). These methionine salvage pathway genes were absent in the *P. dispersa* lineage (*P. dispersa, P. eucrina*, and *P. wallisii*) (Supplementary File [S4](#SM5){ref-type="supplementary-material"}).

We also found several multi-gene systems for two-component systems (2 systems), ABC Transporters (14 systems) and PTSs (2 systems) that were differentially present within these lineages (Supplementary File [S5](#SM6){ref-type="supplementary-material"}). Local BLAST analyses allowed identification of taxa where these genes were indeed present, despite not being conserved within the specific gene sets (Figure [6](#F6){ref-type="fig"}, Supplementary File [S5](#SM6){ref-type="supplementary-material"}). The two-component systems identified were that for citrate as well as nitrate/nitrite uptake. The ABC transporters identified were the systems for nitrate/nitrite/cyanate, HMP/FAMP, spermidine/putrescine, putrescine, maltose/maltodextrin, D-xylose, myoinositol-1-phophate, phosphonate, glutamine, arginine, urea, glutathione and iron(II)/manganese. The PTSs detected were those for cellobiose and L-ascorbate.

![Differences between the lineages in processes involved in "Environmental Information Processing". The presence (+) or absence (−) of complete (all genes required for functional system) two component systems, ABC transporters and PTSs in the genomes of the species in the main lineages within *Pantoea*. The dendrogram of the relationships within and between lineages were inferred from Palmer et al. ([@B107]). The separate lineages are indicated with colored blocks.](fmicb-09-00113-g0006){#F6}

Annotation of lineage-specific genes without KEGG associations
--------------------------------------------------------------

A total of 264 genes were identified as being differentially present in the *Pantoea* lineages, to which no KO term assignment could be made. This set of uncharacterized genes consisted of 62 genes in the *P. ananatis* lineage, 75 genes in the *P. agglomerans* lineage, 98 genes in the *P. rodasii* lineage and 29 genes in the *P. dispersa* lineage. Analysis of these genes with Blast2GO allowed annotation of 182 genes. A further six genes could be assigned GO terms, but could not be fully annotated upon merging of annotations due to a lack in InterProScan hits. A total of 76 genes had no functional associations. These unannotated genes could however be used for blastp analyses to identify potential sources of horizontally acquired genes.

The 62 genes of the *P. ananatis* lineage were subjected to Blast2GO analyses, leading to the annotation of 38 genes. In terms of biological processes (GO Level 3), the highest number of genes were involved in "cellular metabolic processes", "primary metabolic processes" and "organic substance metabolic processes", followed by "regulation of cellular processes" and "nitrogen compound metabolic processes" (Figure [7](#F7){ref-type="fig"}). This lineage thus contained 24 genes present in all members of the lineage, without KEGG or GO functional annotations. Based on blastp hits, 15 of the 24 genes had their closest homologs within other members of the *Enterobacteriaceae*, while two genes had homologs in members of the *Rhizobiaceae* (α-Proteobacteria). The closest homolog for three genes was respectively from the *Aurantimonadaceae* (*Martelella mediterranea*; α-Proteobacteria), *Corchorus olitorius* (bush okra; Malvaceae, Eudicots), and *Erwinia* phage ENT90. The remaining four genes had no BLAST hits (blastp) on the non-redundant database (Supplementary File [S6](#SM7){ref-type="supplementary-material"}).

![The top 20 biological processes (Level 3) for the *P. ananatis, P. agglomerans* and *P. rodasii* lineages and the 16 biological processes for the *P. dispersa* lineage, of the 182 genes annotated with Blast2GO. The dendrogram indicating the relationships between the lineages was inferred from the species tree of Palmer et al. ([@B107]). The GO terms for the shared processes are indicated in the same color across the lineages. Processes highlighted in bold are shared by all four lineages.](fmicb-09-00113-g0007){#F7}

Of the 75 genes conserved within the *P. agglomerans* lineage not annotated with KEGG, 54 genes could be annotated with Blast2GO. Most of these genes were involved, in descending order, in "cellular metabolic processes", "organic substance metabolic processes", "establishment of localization", "primary metabolic processes" and "biosynthetic processes" (BP GO Level 3; Figure [7](#F7){ref-type="fig"}). The remaining 21 genes with no associated GO terms could not be functionally classified. Homologs of these genes were however, identified in other members of the *Enterobacteriaceae*, often pathogens, with a single gene having its closest homolog in the metagenome of a soil sample from an unknown source (Supplementary File [S6](#SM7){ref-type="supplementary-material"}).

Of the 98 genes conserved within the *P. rodasii* lineage without KEGG annotations, 76 could be annotated with Blast2GO. The five highest biological processes in which these genes were involved were "organic substance metabolic processes", "cellular metabolic processes", "primary metabolic processes", "regulation of cellular processes" and "nitrogen compound metabolic processes" (GO Level 3; Figure [7](#F7){ref-type="fig"}). This resulted in 22 genes without any functional annotation with either KEGG or GO analyses. Homologs for all 22 genes were identified in other members of the *Enterobacteriaceae*, of which 21 genes were most closely related to genes from human pathogens (Supplementary File [S6](#SM7){ref-type="supplementary-material"}).

Of the 29 unique genes in the *P. dispersa* lineage without any KEGG annotations, 14 genes could be annotated with Blast2GO. These genes were primarily involved in "cellular metabolic processes", "organic substance metabolic processes", "primary metabolic processes", "nitrogen compound metabolic processes" and "biosynthetic processes" (Figure [7](#F7){ref-type="fig"}). Of the 15 unannotated genes, homologs for all genes were identified in other members of the *Enterobacteriaceae*, particularly those associated with the stinkbug, *Plautia stali* (Supplementary File [S6](#SM7){ref-type="supplementary-material"}).

Discussion {#s4}
==========

Our findings suggest that *in silico* mining of bacterial genome sequences is a feasible approach for inferring large sets of biological characters for particular taxa. This approach is invaluable for unveiling large repertoires of potential bacterial phenotypes and can thus contribute hugely toward identifying biologically relevant diagnostic characteristics from whole genome sequences. Furthermore, by superimposing such characters onto the phylogeny of a particular bacterial group it appears to be possible to identify those traits that might have contributed toward the initial emergence of a taxon and/or its subsequent stable persistence in nature. Here we identified extensive sets of biological characters specific to *Pantoea* and its main phylogenetic lineages. Our study thus outlines the initial steps toward linking biological functions (based on the variable genomic components) to taxonomy (based on the stable, conserved genomic components).

Genome-based comparisons of specific processes between genera
-------------------------------------------------------------

The methodology employed in this study allowed for the identification of biological characters that potentially define and differentiate bacterial genera from one another. Despite the necessity of these taxonomic ranks, our understanding of what constitutes and distinguishes genera is mostly limited. Previous attempts to obtain natural and logical groupings have always been based on a limited view of the organisms\' metabolic potential, often with a focus on what was considered to be clinically relevant data rather than from a biological outlook (Konstantinidis and Tiedje, [@B84],[@B85]; Sutcliffe, [@B134]). Although, the current classification system aims to identify and describe naturally occurring groups by employing an evolution-based approach, it still does not provide any biologically meaningful information for the organisms (Cohan, [@B25]; Konstantinidis and Tiedje, [@B84]; Tindall et al., [@B139]). However, our study of *Pantoea* and *Tatumella* clearly highlights how diverse sets of biological characters for bacterial genera may be inferred from genome data. Apart from so-called genus-defining traits that can potentially be used to differentiate these taxa, these characters also provide information on the general biology of the taxa investigated (see Table [3](#T3){ref-type="table"}). Our findings indicate that such genome-based analyses provide a more informed view of the biology of the organisms, and the information emerging from comparing metabolic differences can be linked to the shared ancestry of groups of organisms.

*Pantoea* appears to be metabolically more versatile than its sister genus *Tatumella*. Different from *Tatumella*, it encodes a range of additional pathways potentially enabling it to use diverse compounds as nutrient sources \[e.g., fatty acids (Schulz, [@B119]; Fujita et al., [@B43]; Liu et al., [@B90]) and various carbohydrate derivatives (Mehler and Tabor, [@B94]; Anderson and Magasanik, [@B4]; Berkowitz, [@B9]; Yoshimoto et al., [@B160]; Baecker et al., [@B7]; Fouet et al., [@B42]; Deeg et al., [@B38]; Amemura et al., [@B3]; Sprenger, [@B130]; Van Beers et al., [@B143]; Boer et al., [@B12]; Schwede et al., [@B121]; Yoshida et al., [@B159]; Sim et al., [@B127]; Chandra et al., [@B23]; Yang et al., [@B157])\]. *Pantoea* also encodes additional nutrient cycling or salvage systems \[e.g., purine, pyrimidine and co-factor cycling (Kimiyoshi et al., [@B81]; Colloc\'h et al., [@B28]; Giorgelli et al., [@B50]; Nygaard et al., [@B102]; Moffatt and Ashihara, [@B97]; Yang et al., [@B158]; Ollagnier-de Choudens et al., [@B103]; Katoh et al., [@B76]; Cendron et al., [@B21]; Gossmann et al., [@B53]; Armenta-Medina et al., [@B5])\]. These systems have been shown to allow for the recycling of compounds that are no longer utilized in the cell, and might enhance *Pantoea*\'s ability to perform basic, yet essential cellular functions under nutrient limiting conditions (Krismer et al., [@B88]; Shimizu, [@B126]).

*Pantoea* and *Tatumella* differ markedly in terms of KEGG\'s "Environmental Information Processing" functional category, which includes all signaling and membrane transport pathways (Kanehisa et al., [@B72]). Various ABC transporters (Nohno et al., [@B100]; Scripture et al., [@B122]; Gowrishankar, [@B55]; Stirling et al., [@B133]; Kehres and Hogg, [@B78]; Kempf and Bremer, [@B79]; Van der Ploeg et al., [@B144]; Walshaw et al., [@B146]; Kappes et al., [@B75]; Ko and Smith, [@B82]; Hosie and Poole, [@B66]; Schneider, [@B117]; Vanneste et al., [@B145]; Suzuki et al., [@B137]; Javaux et al., [@B69]; Novikova et al., [@B101]; Metlitskaya et al., [@B96]) and phosphotransferase systems (PTSs) (Hall and Xu, [@B62]; Dahl et al., [@B32]; Uehara et al., [@B142]; Jaeger and Mayer, [@B68]; Plumbridge, [@B109]) were differentially present in the two genera. Among the various ABC transporters identified only in *Pantoea*, one has been associated with susceptibility to microcin C in the absence of a microcin C-specific efflux pump (Metlitskaya et al., [@B96]), which is part of a group of antibiotic produced by certain *Enterobacteriaceae* (Vanneste et al., [@B145]; Metlitskaya et al., [@B96]). The absence of this ABC transporter in *Tatumella* and the concomitant antibiotic resistance may increase ecological competitiveness of species exposed to these compounds (Hacker and Carniel, [@B61]). Ecological advantages are likely also obtained from some of the predicted PTSs, which have previously been linked to enhanced recycling of cell wall components under nutrient-poor conditions (e.g., PTSs involving N-acetylmuramic acid and N-acetylglucosamine; Jaeger and Mayer, [@B68]), and the uptake of plant-derived carbon compounds (e.g., PTS involving arbutin and salicin; Zangoui et al., [@B163]).

Taken together, these findings suggest that evolution has equipped *Pantoea* with extensive repertoires of metabolic processes that make them generally more versatile in their ability to adapt to changing environments. Compared to *Tatumella*, they can utilize a wider range of carbon sources and use available resources more efficiently by recycling metabolic byproducts. This potentially also provides them with a competitive advantage in nutrient-poor environments such as mammalian blood. The various genus-defining traits we identified for *Pantoea* may thus contribute to our understanding of the complex, and often opportunistic, relationships these species have with their plant and animal hosts (De Baere et al., [@B34]; Cruz et al., [@B31]; De Maayer et al., [@B35]).

Genome-based comparisons of specific processes between lineages of *Pantoea*
----------------------------------------------------------------------------

Comparisons of the metabolic processes inferred from whole genome sequences allowed for the identification of various sets of traits specific to one or more lineages of *Pantoea*. Based on previous work in diverse bacteria (including *Pantoea*), we attempted to correlate these processes to the lifestyles of the taxa investigated. Although a number of the identified processes were likely related to pathogenicity (see Table [4](#T4){ref-type="table"}), most probably play roles in niche adaptation and utilization in a non-pathogenic capacity (see Table [5](#T5){ref-type="table"}).

###### 

Pathogenicity-associated processes with differences between the lineages.

  -----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  **Process**              **Gene cluster**   **Function, biological role and contribution to pathogenicity**                                                                                                                                                                                                                                  **Distribution across lineages[^a^](#TN5){ref-type="table-fn"}**   **References**
  ------------------------ ------------------ ------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------ ------------------------------------------------------------------ -------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  O-antigen biosynthesis   *rfb* locus 1      Encodes for the synthesis of polysaccharide unit of O-antigenCause variation on outer membrane of cellsAssists in host immune response evasion                                                                                                                                                   *P. ananatis* lineage (2/4)\                                       Stevenson et al., [@B132]; Whitfield, [@B151]; Wang and Reeves, [@B150]; Kohchi et al., [@B83]; Greenfield and Whitfield, [@B57]
                                                                                                                                                                                                                                                                                                                                               *P. agglomerans* lineage (5/7)\                                    
                                                                                                                                                                                                                                                                                                                                               *P. rodasii* lineage (2/3)\                                        
                                                                                                                                                                                                                                                                                                                                               *P. dispersa* lineage (2/3)                                        

                           *rfb* locus 2      Encodes for the synthesis of the O-antigen\'s polysaccharideCause variation on outer membrane of cellsAssists in host immune response evasion                                                                                                                                                    *P. ananatis* lineage (3/4)\                                       Stevenson et al., [@B132]; Whitfield, [@B151]; Wang and Reeves, [@B150]; Kohchi et al., [@B83]; Greenfield and Whitfield, [@B57]
                                                                                                                                                                                                                                                                                                                                               *P. dispersa* lineage (1/4)                                        

  Siderophore production   *iuc* locus        Encodes for the synthesis of aerobactinEfficient at scanvenging iron during nutrient limitationAssists in resistance against iron-dependent antimicrobials                                                                                                                                       *P. ananatis* lineage (4/4)                                        Montgomerie et al., [@B98]; Williams and Carbonetti, [@B152]; Opal et al., [@B104]; Fecteau et al., [@B40]; Torres et al., [@B140]; Garcia et al., [@B45]; Gao et al., [@B44]

                           *ent* locus        Encodes for the synthesis of enterobactinHigh affinity for iron, but susceptible to inactivation by lipocalin-2 produced by mammalian hostsIron acquisitioning in hosts                                                                                                                          *P. agglomerans* lineage (5/7)\                                    Fiedler et al., [@B41]; Torres et al., [@B140]; Hubertus et al., [@B67]; Raymond et al., [@B112]; Garcia et al., [@B45]
                                                                                                                                                                                                                                                                                                                                               *P. rodasii* lineage (3/3)\                                        
                                                                                                                                                                                                                                                                                                                                               *P. dispersa* lineage (2/3)                                        

  Polyamine biosynthesis   *spe* locus        Synthesis of spermidine from S-adenosyl-L-methionineInvolved in protein and nucleic acid biosynthesis, expression regulation, membrane functioning and ROS scavengingContributes toward pathogenesis through involvement in biofilm formation, escape from phagolysosomes and toxin production   *P. ananatis* lineage (4/4)\                                       Khan et al., [@B80]; Ha et al., [@B60]; Gugliucci and Menini, [@B59]; Shah and Swiatlo, [@B125]; Pegg, [@B108]
                                                                                                                                                                                                                                                                                                                                               *P. agglomerans* lineage (7/7)\                                    
                                                                                                                                                                                                                                                                                                                                               *P. rodasii* lineage (2/3)\                                        
                                                                                                                                                                                                                                                                                                                                               *P. dispersa* lineage (1/3)                                        
  -----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

*Brackets indicate the number of taxa for which the specific locus is present out of all taxa in a lineage. For complete distribution patterns see Supplementary File [S4](#SM5){ref-type="supplementary-material"}*.

###### 

Niche-associated processes (non-pathogenic) with differences between the lineages.

  **Process**                                 **Gene cluster**   **Function, biological role and contribution to niche adaptation**                                                                                                                                                  **Distribution across lineages[^a^](#TN6){ref-type="table-fn"}**                                                         **References**
  ------------------------------------------- ------------------ ------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------- ------------------------------------------------------------------------------------------------------------------------ -----------------------------------------------------------------------
  L-rhamnose utlization                       *rha* locus        Convert L-rhamnose to S-lactaldehydeCatabolism of L-rhamnose as carbon sourcePotentially contributes toward niche expansion                                                                                         *P. ananatis* lineage (2/4)*P. agglomerans* lineage (7/7)*P. rodasii* lineage (3/3)*P. dispersa* lineage (2/3)           Badía et al., [@B6]; Moralejo et al., [@B99]; Saxena et al., [@B116]
  D-galacturonate utilization                 *uxa* locus        Involved in the utilization of glucuronate and galacturonate as carbon sourcesIntegral parts of plant cell wallsCan contribute toward colonization of plants                                                        *P. ananatis* lineage (4/4)*P. agglomerans* lineage (7/7)*P. rodasii* lineage (3/3)*P. dispersa* lineage (2/3 partial)   Walton, [@B148]; Hématy et al., [@B63]; Richard and Hilditch, [@B113]
  Benzoate degradation                        *pca* locus        Involved in the utilization of protochatechuateCatabolism of protochatechuate as carbon sourcePotentially contributes toward niche expansion                                                                        *P. ananatis* lineage (4/4)(note, *P. stewartii* ssp. *stewartii*contains deletion)                                      Song, [@B128]; Brady et al., [@B15]; Gueule et al., [@B58]
  Chloroalkane and chloroalkene degradation   \-                 Conversion of chloroacetaldehyde to glycolateChloroacetaldehyde binds to DNA and causes conformational changes leading to mutationsRemoves mutagen from environment and utilize it as carbon source via glycolate   *P. ananatis* lineage (4/4*P. agglomerans* lineage (7/7)*P. rodasii* lineage (3/3)                                       Young Kim et al., [@B161]; Maciejewska et al., [@B92]
  Methionine salvage pathway                  *mtn* locus        Salvage methionine through the conversion of 5-methylthio-D-ribose to 3-(methylthio)-propanoateAllows sulfur cyclingCan survive in low-sulfur environments                                                          *P. ananatis* lineage (4/4*P. agglomerans* lineage (7/7)*P. rodasii* lineage (3/3)                                       Sekowska et al., [@B124], [@B123]; Albers, [@B1]

*Brackets indicate the number of taxa for which the specific locus is present out of all taxa in a lineage. For complete distribution patterns see Supplementary File [S4](#SM5){ref-type="supplementary-material"}*.

The processes likely associated with pathogenesis, particularly in the *Enterobacteriaceae*, were those involved in O-antigen (Stevenson et al., [@B132]; Whitfield, [@B151]; Wang and Reeves, [@B150]; Kohchi et al., [@B83]; Greenfield and Whitfield, [@B57]), siderophore (Montgomerie et al., [@B98]; Williams and Carbonetti, [@B152]; Opal et al., [@B104]; Fecteau et al., [@B40]; Fiedler et al., [@B41]; Torres et al., [@B140]; Hubertus et al., [@B67]; Raymond et al., [@B112]; Garcia et al., [@B45]; Gao et al., [@B44]) and polyamine (Khan et al., [@B80]; Ha et al., [@B60]; Gugliucci and Menini, [@B59]; Shah and Swiatlo, [@B125]; Pegg, [@B108]) biosynthesis. Differences in the locus involved in O-antigen biosynthesis (of which some *Pantoea* species have two) were previously associated with a pathogen\'s ability to escape host responses (Whitfield, [@B151]; Kohchi et al., [@B83]; Greenfield and Whitfield, [@B57]). Our results further showed that all species in the *P. ananatis* lineage likely produce aerobactin, while many of those in the other lineages produce enterobactin. Although these siderophores essentially perform the same function, aerobactin is more efficient at scavenging iron during nutrient limitation, and may in some instances even assist in resistance against iron-dependent antimicrobials (Williams and Carbonetti, [@B152]; Torres et al., [@B140]; Garcia et al., [@B45]). Also, all of the examined species in the *P. agglomerans* and *P. ananatis* lineages are predicted to be capable of producing the polyamine spermidine (this process was detected in only some of the species in the other two lineages). Apart from their essential cellular functions (Ha et al., [@B60]; Shah and Swiatlo, [@B125]; Pegg, [@B108]), polyamines have been implicated in biofilm formation, escape from host phagolysosomes and toxin production and activity (Shah and Swiatlo, [@B125]).

The group of processes likely associated with niche adaptation and utilization were those related to nutrient metabolism and "Environmental Information Processing" (Supplementary Table [S1](#SM1){ref-type="supplementary-material"}). For example, other than those in the *P. dispersa* lineage, all *Pantoea* species were predicted to be capable of converting the environmental mutagen chloroacetaldehyde to glycolate, thus providing the dual means of disposing of the mutagen and accessing glycolate as carbon source (Young Kim et al., [@B161]; Maciejewska et al., [@B92]). Similarly, in all species, bar those of the *P. dispersa* lineage, the methionine salvage pathway likely allow increased efficacy under sulfur cycling in nutrient-poor conditions (Sekowska et al., [@B124], [@B123]; Albers, [@B1]). Species in the *P. ananatis* lineage encode the benzoate degradation pathways, which likely enable their utilization of protocatechuate as carbon source (Song, [@B128]; Brady et al., [@B15]; Gueule et al., [@B58]). Additionally, differences were also observed in rhamnose (Badía et al., [@B6]; Moralejo et al., [@B99]; Saxena et al., [@B116]) and galacturonate (Walton, [@B148]; Hématy et al., [@B63]; Richard and Hilditch, [@B113]) utilization. The four lineages further differed in terms of their ability to transport various nutrients (e.g., the myoinositol-1-phosphate ABC transporter occurred only in the *P. ananatis* lineage). The same was also true for the predicted two-component signaling systems and other PTSs (e.g., except for two *P. agglomerans* lineage species, only the *P. ananatis* lineage encoded a two-component signaling system for citrate utilization) (Supplementary Table [S1](#SM1){ref-type="supplementary-material"}).

Overall, we could correlate the versatility in lifestyle and host to increased metabolic potential (in terms of compounds utilized) as well as pathogen-associated traits between the different lineages within *Pantoea*. Despite the association of various *Pantoea* species with only clinical infections (*P. brenneri, P. conspicua*, and *P. eucrina*), it appears that species associated with opportunistic clinical infections (De Baere et al., [@B34]; Cruz et al., [@B31]), possessed genes often associated with animal pathogenicity within the *Enterobacteriaceae*. In general, it appears that the lineages with the most diverse niche associated processes also corresponded to those species isolated from the most diverse environments. For example, members of the *P. agglomerans* and *P. ananatis* lineages are routinely isolated from various plant species, as epiphytes, endophytes, or pathogens, as well as from insects, animals and humans (Coutinho and Venter, [@B30]; Walterson and Stavrinides, [@B147]), while members of the *P. dispersa* and *P. rodasii* lineages are usually only associated with a single host organism, with the exception of *P. dispersa*. These characteristics may contribute to the opportunistic nature of lineages containing species like *P. ananatis* and *P. agglomerans* that are proven plant pathogens, but isolated from diverse environments including the clinical setting.

Evolution of multi-gene pathways in *Pantoea* and its lineages
--------------------------------------------------------------

Various evolutionary mechanisms likely shaped the presence and distribution of the multi-gene pathways inferred for *Pantoea*. Bacteria propagate asexually and progeny are anticipated to contain the same genetic material as the parent (Daubin et al., [@B33]). Any changes in an individual\'s genetic makeup can become fixed in populations if they provide a competitive advantage, or at least have no deleterious effects (Cohan, [@B24], [@B26]; Caro-Quintero and Konstantinidis, [@B20]). The most common forces facilitating genetic change are random mutations (point mutations as well as insertions and deletions) and horizontal gene transfer (HGT) (Gogarten et al., [@B52]; Cohen et al., [@B27]). Accordingly, more closely related species are likely to encode similar pathways, while those subject to HGT would have a more spurious distribution (Gogarten et al., [@B52]; Cohen et al., [@B27]).

Evolution of most of the multi-gene pathways in *Pantoea* and its lineages involved complex processes, involving vertical descent with lineage- and species-specific gene losses/gains via duplication or HGT. For example, lineage- and species-specific gene losses would be characterized by distribution patterns where particular gene clusters are present in all taxa neighboring a species lacking it, because of gene losses at a specific ancestral node (Koskiniemi et al., [@B87]). In our study, such processes were likely involved in the loci required for the conversion of chloroacetaldehyde to glycolate and in the methionine salvage pathway. In contrast to this, the sudden appearance of genes or loci in a lineage that are lacking in all neighboring taxa suggest they were acquired via HGT (Zaneveld et al., [@B162]). An example of this is the locus required for protochatechuate utilization. The evolution of the siderophore loci likely involved gene losses together with the horizontal acquisition of genes. This is evident from the absence of the enterobactin locus (despite its presence in all closely related lineages) from the *P. ananatis* lineage, and the presence of the locus encoding aerobactin in only this lineage, thus acquired through an HGT event.

Our results suggested that the gene clusters encoding the various *Pantoea* pathways examined in this study, mainly experience purifying selection. Numerous hypotheses attempt to explain why genes cluster and how clusters are maintained (Carbone et al., [@B19]; Geddy and Brown, [@B48]; Fang et al., [@B39]; Sorrels et al., [@B129]). However, various studies have showed that purifying selection may contribute to the stability and functionality of gene clusters once they have formed (Carbone et al., [@B19]; Geddy and Brown, [@B48]; Fang et al., [@B39]; Sorrels et al., [@B129]). Purifying selection seems to facilitate the maintenance of ancient or ancestral gene clusters by limiting the possibility of non-synonymous mutations becoming fixed, which in turn allows out-competition of individuals undergoing deleterious or lethal mutations inhibiting the functioning of the gene cluster (Fang et al., [@B39]; Sorrels et al., [@B129]). In our study, purifying selection appeared to play a role in the maintenance and functioning of the loci for siderophore biosynthesis (aerobactin and enterobactin loci) and protochatechuate utilization, which are evolving mainly under the influence of purifying selection. However, we also detected diversifying selection for some of the genes/gene regions examined \[e.g., *rfbC* and *rfbD* (*rfb* locus 1), both associated with the conversion of dTDP-6-deoxy-D-xylo-4-hexulose to dTDP-L-rhamnose (Graninger et al., [@B56])\]. In these cases, selection is causing non-synonymous changes in the sequences of genes or parts of genes, thus driving the appearance of new alleles.

*In silico* predictions vs. experimentally confirmed multi-gene processes
-------------------------------------------------------------------------

Although a large number of differential characters were identified from the genome sequences of these organisms, little has been done in terms of experimental verification. Also, a number of characters could not be correlated to current experimental knowledge as false negative and positive results for phenotypic tests are common (Sutcliffe et al., [@B135]). For instance, despite the presence of genes required for the utilization of arbutin and salicin as carbon source in *Tatumella*, previous phenotypic tests have previously tested negative (Brady et al., [@B17]; Tracz et al., [@B141]). This was also observed for the intra-generic comparisons. Examples within *Pantoea* included the uptake and utilization of cellobiose (Brady et al., [@B16]) and D-galacturonate, previously identified as a genus-defining attribute (Gavini et al., [@B47]; Brady et al., [@B14]), as well as citrate (Brady et al., [@B14], [@B13]). In these cases, phenotypic tests previously confirmed the ability to perform these functions, but these genes were lacking in various *Pantoea* species (absence confirmed in available genome sequences of additional isolates of these species). This lack in correlation may either be as a result of gene expression complexities during phenotypic tests, to sequencing, assembly or annotation errors or the presence of as of yet uncharacterized alternate pathways.

There were, however, also a number of *in silico* functional predictions that correlated well with the results of previous phenotypic tests. For example, the lack of genes required for the utilization of histidine in *Tatumella*, correlated entirely with negative results of all previous phenotypic tests (Brady et al., [@B17]; Tracz et al., [@B141]). Moreover, the utilization of protochatechuate has previously tested positive in *P. allii* (Brady et al., [@B15]), and our findings showed that the locus encoding the necessary gene products is indeed present within this lineage. Other examples of characters supporting previously performed phenotypic tests are the transport for the utilization of D-xylose, maltose, myo-inositol-1-P, and sucrose. In all of the above mentioned examples gene clusters were only observed in taxa previously testing positive for the associated phenotypic characters (Brady et al., [@B14],[@B17], [@B15]).

Perspectives and relevance
--------------------------

The increase in data obtained from bacterial genome sequences has superseded the rate at which gene discovery, characterization, and verification can occur. This means that a number of genes could not be assigned definitive functions as no homologs were detected for these genes in the KEGG database. The majority of these genes, at both the generic and lineage-specific level, could be annotated with gene ontologies with Blast2GO, although the functions of some genes remained unknown. Of the uncharacterized genes, the most abundant GO terms were generally quite similar (data for genera not shown). This indicates that the unknown genes could be performing similar functions within the different lineages or genera, despite not being orthologous amongst the different gene sets. The genes to which no functional annotation could be assigned seemed to have originated mostly within the *Enterobacteriaceae*, either acquired through lateral acquisition of genes from other taxa within this family, or, in the case where genes are conserved in most of the lineages, acquired by an ancestor and subsequently lost in some lineages when the genes were no longer required. A number of unique genes were also identified with no known homologs, but expression of these genes should be confirmed before they are considered for further investigation. Although no functional information is available for the unannotated genes, the distribution across various taxa provides insight into potential HGT events.

The availability of whole genome sequence data has transformed the approaches available for understanding bacterial evolution. This has, however, not yet replaced traditional methods such as DNA-DNA hybridization, monophyly in phylogenetic analyses and physiological and metabolic tests for the delineation of bacterial taxa. Although physiologic capabilities provide an insight into what potential metabolic differentiation may have occurred during speciation, inconsistencies may still occur due to differential expression of genes in different isolates or regulation of expression in specific environments. In recent years, we have been moving toward approaches aiming to identify natural groups at higher taxonomic levels by implementing monophyly as a prerequisite for taxon descriptions, but no light can be shed on the biology of the organisms through these approaches. Instead we need to investigate the more variable genomic compartments reflecting the biology of the organisms to obtain a more natural and robust taxonomic system. By employing this approach, one would be able to supplement or supplant the available diagnostic characters used in bacterial taxonomy. Additionally, obtaining a holistic biological perspective from the genome will provide power to predict the lifestyle and ecology of the organisms and is essentially much more informative than only having discriminative power between taxa. We thus believe that this approach of identifying genome-based characteristics in metabolic networks for the taxonomic levels higher than the species, provide an approach of identifying biologically relevant differences along the course of speciation.
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Environmental information processing traits with differences among the lineages.
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Click here for additional data file.
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Output from GhostKOALA for the *Pantoea* and *Tatumella* shared gene sets. This file contains the differences observed for the overview maps and the specific pathways for *Pantoea* and *Tatumella*. The overlay figures of the overview and pathway maps are also indicated.
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Output from GhostKOALA for the lineages within *Pantoea*. This file contains the differences observed for the overview maps as well as the overlay figures of the overview maps for the different lineages.
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The summary of differences in pathways requiring 2 or more genes, as well as a summary of the BLAST confirmations of these genes.
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The results from the selection analyses and the figures for the gene clusters not indicated in text.
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The differences for pathways involved in "Environmental Information Processing". A summary of the BLAST confirmation is also included as well as the maps for each lineage for the ABC transporters, two-component systems and the PTSs.

###### 

Click here for additional data file.

###### 

Summary of the Blast2GO analyses as well as the BLAST hits for genes not annotated with Blast2GO. A pie chart indicating the distribution of BLAST hits is also indicated.
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